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In the last decade, photoredox catalysis emerged as a powerful strategy for the catalytic activation of organic molecules.[1](#anie201805632-bib-0001){ref-type="ref"} In photoredox reactions, the ability of a photocatalyst to absorb visible light, reach an excited state and ultimately engage in a single electron transfer (SET) with an organic substrate is exploited as a powerful trigger to induce selective and unique transformations.[1a](#anie201805632-bib-0001a){ref-type="ref"}, [2](#anie201805632-bib-0002){ref-type="ref"} In this context, a great deal of effort has been devoted to the understanding of the photophysical and photochemical aspects governing SET processes.[3](#anie201805632-bib-0003){ref-type="ref"} The translation of this knowledge to the field of organic synthesis has represented a key advantage in identifying novel photoredox transformations.[4](#anie201805632-bib-0004){ref-type="ref"}

Among the techniques employed to determine the reactivity of the excited state of a photocatalyst, fluorescence quenching studies occupy a prominent role. Once in their excited states, photocatalysts decay to their ground energy levels following either a radiative or non‐radiative process (according to the kinetic constant *k* ~0~, which is a property of every chromophore).[3b](#anie201805632-bib-0003b){ref-type="ref"} In other words, a photocatalyst dissipates the energy acquired through light absorption by either emitting light or heat. However, in presence of an organic molecule that can act as either energy acceptor or electron donor/acceptor, energy dissipation is averted and a productive transfer can occur, thus generating radical species of interest.[1a](#anie201805632-bib-0001a){ref-type="ref"} Therefore, observing a decrease in the emission of an excited photocatalyst can be considered as a tangible proof of its interaction with an organic substrate and is the principle on which fluorescence quenching studies are based.[5](#anie201805632-bib-0005){ref-type="ref"}

To determine the rate at which an organic substrate can quench the excited state of a photocatalyst, a Stern--Volmer analysis can be conducted.[3b](#anie201805632-bib-0003b){ref-type="ref"}, [6](#anie201805632-bib-0006){ref-type="ref"} In this case, the emission of a photocatalyst is measured at increasing concentration of the quencher.[7](#anie201805632-bib-0007){ref-type="ref"} However, despite their relevance in elucidating the interaction between organic substrates and photocatalysts, Stern--Volmer experiments are time‐consuming and often air‐sensitive. This is due to the fact that molecular oxygen is a known quencher of excited states, therefore a thorough Stern--Volmer analysis requires strictly inert conditions.[8](#anie201805632-bib-0008){ref-type="ref"} Moreover, because of the inevitable errors associated with human labor, the reproducibility and accuracy (R^2^) of consecutive Stern--Volmer measurements is often problematic.[9](#anie201805632-bib-0009){ref-type="ref"} In addition, fluorescence quenching studies can also serve as a powerful tool to screen novel reactivities.[10](#anie201805632-bib-0010){ref-type="ref"} In order to facilitate, standardize and accelerate both quenching screening experiments and Stern--Volmer analysis, we envisioned an automated continuous‐flow platform able to perform these analyses via in‐line monitoring of the photocatalyst fluorescence (Scheme [1](#anie201805632-fig-5001){ref-type="fig"}).

![Conceptual overview of the automated continuous‐flow platform for fluorescence quenching studies and Stern--Volmer analysis.](ANIE-57-11278-g001){#anie201805632-fig-5001}

Recent reports demonstrated the implementation of automated platforms designed to assist chemists in the routine aspects of synthesis, leaving room for the intellectual pursuit of new chemical reactivities.[11](#anie201805632-bib-0011){ref-type="ref"} Bearing this prospect in mind, the automated platform we conceived minimizes the errors and the labor associated with fluorescence quenching experiments. Furthermore, our system has the potential to facilitate the way we perform these insightful experiments, thus offering a practical strategy for preliminary mechanistic investigations and accelerated reaction discovery in the context of photoredox catalysis.

When designing our system, we reasoned that continuous‐flow technology would constitute a powerful mean to put into practice an automated platform for fluorescence quenching studies. Specifically, the confined dimensions of continuous‐flow microreactors offer the advantage to minimize the volumes necessary for analysis and provide a closed environment that sustains inert conditions.[12](#anie201805632-bib-0012){ref-type="ref"} This aspect is especially relevant in light of the prohibitive costs of many photoredox catalysts.

An overview of the designed setup is depicted in Scheme [2](#anie201805632-fig-5002){ref-type="fig"}. Continuous UV/Vis analysis of the catalyst fluorescence was achieved with a quartz flow cuvette (100 μL volume) connected through optical fibers to both a light source and a spectrophotometer with a 90° angle. Both the spectrophotometer and the light source are controlled by a computer. Moreover, dedicated HPLC pumps regulate the stream to the flow cuvette in an automated fashion.

![Overview of the automated setup for fluorescence quenching studies and Stern--Volmer analysis.](ANIE-57-11278-g002){#anie201805632-fig-5002}

Desiring to access a fully automated system suitable for both screening experiments and Stern--Volmer analysis, we focused on flexibility as the key property of our setup. The optimized setup can easily be operated in two modes: automated screening or Stern--Volmer analysis. When performing screening experiments, an autosampler is incorporated to inject all the samples to test in a solvent stream. This stream is then combined with a catalyst solution before entering the flow cuvette. When performing Stern--Volmer analysis, a third HPLC pump delivers the quencher solution, while the autosampler remains inactive. Another aspect further contributing to the flexibility of our system is the possibility to conveniently change LED light source in order to match the absorbance of the photocatalyst in use.

In both operational modes, all components were automated and controlled by a self‐written Python script (the source code is freely available at GitHub).[13](#anie201805632-bib-0013){ref-type="ref"} The software features a user‐friendly interface (see Supporting Information), which allows the user to easily fill in all experimental parameters without the need for any programming knowledge. All data collected during experiments are stored into an SQLite database, therefore progressively creating an easily accessible quencher library for known photocatalysts.

Our automated platform was first calibrated and tested with 9‐mesityl‐10‐methyl acridinium perchlorate (Mes‐Acr) as a model catalyst and with a series of amine quenchers (i.e. DIPEA, TMEDA, and TEA, Scheme [3](#anie201805632-fig-5003){ref-type="fig"}).[14](#anie201805632-bib-0014){ref-type="ref"} The raw data set acquired via the in‐line monitoring of the photocatalyst fluorescence was automatically processed with a moving average function in order to minimize the fluctuations of the system (see SI, Section S4). Secondly, a time‐based data extraction allowed us to cut the raw data set, thus minimizing storage space, facilitating data management and reducing the computing power necessary to generate a graphical output. Through data parsing, the software was then programmed to color‐code the graphical peaks, each corresponding to the quenching degree of every quencher tested, in order to clearly identify the outcome of the screening test. Specifically, samples that afforded a quenching degree higher than 50 % were assigned a green color, while yellow and red were chosen as colors for samples with a quenching degree between 50--25 % and below 25 % respectively (see SI, Section S4). Finally, the conclusions drawn from the quenching assessment can be analyzed by the user and converted to the results of the screening experiment, as exemplified in Scheme [3](#anie201805632-fig-5003){ref-type="fig"} B and C.

![Mes‐Acr fluorescence quenching studies with a series of known amine quenchers. A) Raw‐data from the spectrophotometer. B) Graphical output provided by the automated platform. C) Automated color‐assignment of the tested quenchers and their meaning D) Tested quenchers.](ANIE-57-11278-g003){#anie201805632-fig-5003}

We further dedicated our efforts to the automation of Stern--Volmer analysis. According to the Stern--Volmer relationship (Scheme [4](#anie201805632-fig-5004){ref-type="fig"}), plotting the fraction of emission (i.e., photons emitted in absence of quencher over photons emitted in presence of quencher) against the concentration of quencher yields a linear relation, also known as Stern--Volmer plot (Scheme [4](#anie201805632-fig-5004){ref-type="fig"} B).[3b](#anie201805632-bib-0003b){ref-type="ref"} If the lifetime of the excited state (*τ* ~0~) of the photocatalyst is known, the quenching rate constant *K* ~q~ can be derived from the slope of the Stern--Volmer plot.

![Stern--Volmer equation and features of the automated measurement. A) Representation of the raw data for the quenching of Mes‐Acr with increasing amounts of TMEDA. B) Automated plot generation.](ANIE-57-11278-g004){#anie201805632-fig-5004}

We first conducted a Stern--Volmer analysis to determine the rate at which *N*,*N*,*N*′,*N*′‐tetramethylethane‐1,2‐diamine (TMEDA) can quench the excited state of Mes‐Acr. A representation of the raw data collected is shown in Scheme [4](#anie201805632-fig-5004){ref-type="fig"} A. The obtained ladder‐like profile is consistent with the progressive decrease of emission intensity, which is in turn correlated with the injection of increasing concentrations of the quencher. We programmed the software to include the raw data into an Excel file and to automatically generate the corresponding Stern--Volmer plot (explicitly reporting the equation of the line and the R^2^ value), thus relieving the user from this elementary task (Scheme [4](#anie201805632-fig-5004){ref-type="fig"} B). To showcase the reliability and the operational advantage that our automated platform offers, we performed multiple repetitions of the same Stern--Volmer analysis. As depicted in Scheme [4](#anie201805632-fig-5004){ref-type="fig"} B, ten consecutive experiments gave consistent results both in terms of accuracy (R^2^) and reproducibility (for the precise slope value and quenching rate constant obtained, see SI). In this light, we believe that our system can be regarded as a convenient tool providing accurate, precise and reproducible results within a small time frame.

Moreover, it should be noted that despite the high quenching rate of molecular oxygen on the excited state of many commonly employed photocatalysts, the confined dimensions and the closed environment provided by our platform greatly contribute to reduce the impact of atmospheric oxygen on the measurements.[7](#anie201805632-bib-0007){ref-type="ref"}

With our automated platform in hand, we investigated its application in the elucidation of the first step involved in the mechanism of a photocatalytic reaction. We chose to investigate the Ir(ppy)~3~‐catalyzed photocatalytic decarboxylation of α,β‐unsaturated carboxylic acids, a reaction developed in our laboratory (Scheme [5](#anie201805632-fig-5005){ref-type="fig"} A).[15](#anie201805632-bib-0015){ref-type="ref"} By comparing the excited state potentials of Ir(ppy)~3~ (*E* ~1/2~ Ir^4+^/Ir\*^3+^=−1.73 V and *E* ~1/2~ Ir\*^3+^/Ir^2+^=0.31 V vs. SCE) with the reduction potentials of BrCF~2~COOEt (*E* ~red~=−0.57 V vs. SCE, see SI) and cinnamic acid (*E* ~red~=−1.09 V vs. SCE, see SI), we reasoned that the reaction would most likely proceed through the oxidative quenching of the fluorinating agent, thus generating the CF~2~COOEt radical of interest.[16](#anie201805632-bib-0016){ref-type="ref"} Nevertheless, due to the extremely high excited state oxidation potential of Ir(ppy)~3~, we were curious to probe whether the reduction of cinnamic acid, albeit unexpected, could take place (Scheme [5](#anie201805632-fig-5005){ref-type="fig"} B). Thus, we performed a series of automated Stern--Volmer experiments to determine the rate at which ethyl bromodifluoroacetate or cinnamic acid can quench the excited state of Ir(ppy)~3~. The results obtained are summarized in Scheme [5](#anie201805632-fig-5005){ref-type="fig"} C (for the Stern--Volmer plots see SI). To our surprise, our initial results showed a higher quenching rate constant for cinnamic acid compared to BrCF~2~COOEt (3.37×10^8^ vs. 1.84×10^8^ \[L mol^−1^ s^−1^\]).

![A) Overview of the reaction conditions for the photocatalytic decarboxylation of α,β‐unsaturated carboxylic acids. B) Possible first steps involved in the photocatalytic cycle. C) Results of the automated Stern--Volmer analysis.](ANIE-57-11278-g005){#anie201805632-fig-5005}

However, because of the fact that an excess of base is required in this reaction to generate *trans*‐cinnamate, which is more prone to decarboxylation than its conjugate acid, we reasoned that the quenching rate of *trans*‐cinnamate should be considered instead. The quenching rate constant of *trans*‐cinnamate was found to be 1.24×10^8^ \[L mol^−1^ s^−1^\]. Thus, based on the slightly higher quenching rate constant obtained for BrCF~2~COOEt, together with its higher concentration in the reaction mixture and its lower reduction potential, we propose that the first step involved in the photocatalytic cycle is most likely the oxidative quenching of Ir(ppy)~3~ by BrCF~2~COOEt. This hypothesis was further supported by the fact that a CF~2~COOEt adduct was found when performing a radical trapping experiment with butylated hydroxytoluene (BHT). Notably, all the work required to confirm our initial mechanistic conclusion was performed by our automated system within less than an hour.

In a second case study, we became interested in the Ir‐catalyzed decarboxylative alkylation of N‐containing heteroarenes with *N*‐(acyloxy)phthalimides (Scheme [6](#anie201805632-fig-5006){ref-type="fig"} A). Initially reported by Fu and co‐workers, this reaction was found to proceed optimally when catalyzed by Ir\[dF(CF~3~)ppy\]~2~(dtbbpy)PF~6~ and in presence of an excess of strong acid (i.e., 2 equiv TFA).[17](#anie201805632-bib-0017){ref-type="ref"} Interested in replacing a costly iridium‐based photocatalyst with an inexpensive alternative, we reasoned that a rapid photocatalyst screening performed with our automated platform would quickly present us with a viable substitute. A selection of catalysts to be tested was based on their absorption range and on their reported excited state potentials. Unaware of which catalytic cycle would be possible with the photocatalyst of choice, phthalimide **4**, isoquinoline **5** and isoquinoline **5** + TFA were tested as quenchers. As depicted in Scheme [6](#anie201805632-fig-5006){ref-type="fig"} B, we found that no photocatalyst was quenched by phthalimide **4,** with the exception of Ir(ppy)~3~.

![A) Overview of the reaction conditions for the decarboxylative alkylation of N‐containing heteroarenes with *N*‐(Acyloxy)phthalimides. B) Results of the automated fluorescence quenching studies. C) Possible quenching pathways for the first mechanistic step.](ANIE-57-11278-g006){#anie201805632-fig-5006}

These results seemed logical considering that Ir(ppy)~3~ is the only photocatalyst with an excited state oxidation potential (*E* ~1/2~ Ir^4+^/Ir\*^3+^=−1.73 V) sufficient for the direct reduction of phthalimide **4** (*E* ~red~=−1.57 V vs. SCE, see SI).[16](#anie201805632-bib-0016){ref-type="ref"} We also found that inexpensive organic photocatalysts 4CzIPN and 2CzPN both showed quenching in presence of protonated isoquinoline, while no quenching was observed with isoquinoline alone.[18](#anie201805632-bib-0018){ref-type="ref"} We rationalized these results by considering that, as documented in the literature, the protonation of isoquinoline **5** might result in a decrease of its reduction potential, thus rendering quenching with 4CzIPN and 2CzPN possible.[19](#anie201805632-bib-0019){ref-type="ref"} Naturally, both organic photocatalysts were then employed in the reaction of interest in a microcapillary flow reactor, obtaining excellent isolated yields of the desired product **6** within 30 minutes of residence time (see SI).[12b](#anie201805632-bib-0012b){ref-type="ref"} Finally, we conducted an automated Stern--Volmer analysis to determine the rate at which the protonated isoquinoline can quench the excited state of 4CzIPN and observed a quenching rate constant of 2.9×10^6^ \[L mol^−1^ s^−1^\] (R^2^=0.96). Based on the results from the quenching studies, we suggest an oxidative quenching cycle in which protonated isoquinoline can quench the excited state of 4CzIPN (Scheme [6](#anie201805632-fig-5006){ref-type="fig"} C).

In summary, we developed a fully automated continuous‐flow platform for fluorescence quenching studies and Stern--Volmer analysis. The operational simplicity of our system reduces the time and labor associated with these analyses while increasing the accuracy and reproducibility of the data produced. We demonstrated the development, calibration, and application of our system to two case studies of interest. Ultimately, our automated platform has the potential to facilitate reaction discovery in photoredox catalysis. In this light, we believe that our automated continuous‐flow platform will be of high interest both to a chemist and engineering audience and will inspire the design of similar machine‐assisted screening systems.
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